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(55) Proportional control of a permanent magnet brake. 

(57) A brake control apparatus for controlling the 
application of braking force to a permanent 
magnet brake (25) of the type wherein a perma- 
nent magnet (57) creates a magnetic flux path 
for applying a braking force and an electromag- 
net (55) provides a continuously variable flux in 
opposition to the permanent magnet (57). Brak- 
ing force is controlled in response to a braking 
command signal from an operator controlled 
floor pedal or hand grip (150) which varies in 
relation to the amount of braking desired. A 
control circuit (50) responsive to the braking 
command signal causes braking force to be 
generated in direct proportion to the amount of 
braking desired. The control circuit (50) applies 
pulses of current to the electromagnet (55), the 
pulse width of which varies from a minimum 
pulse width representing maximum braking to a 
maximum pulse width representing no braking. 
The pulses are monitored to insure proper oper- 
ation. The current in the pulses is used as an 
indication of brake temperature and is used to 
control the pulse width of any given desired 
brake torque. A tachometer (160) monitors the 
direction and speed of rota-tion of the braked 
wheel and an anti-skid algorithm modifies the 
pulses applied to prevent wheel lockup. The 
brake is fail safe since removal of current to the 
electromagnet (55) either by operation of the 
control circuit (50) or by an emergency removal 
of power will cause the permanent magnet to 
apply full braking torque. 
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This invention relates to a brake control appara- 
tus and particularly to a proportional control circuit for 
a permanent magnet brake of the type wherein a per- 
manent magnet creates a magnetic flux path for ap- 
plying braking force and an electromagnet provides a 
continuously variable magnetic flux in opposition to 
the permanent magnet This invention has particular 
application to wheeled vehicles such as materials 
handling vehicles. 

The brakes of many materials handling vehicles 
are spring applied and are released by the application 
of either hydraulic pressure or by means of an electric 
solenoid in opposition to the force of the spring. In 
those brakes, the amount of braking force is control- 
led by the spring force applied to the brake shoes. 
One example of a control system for a brake of this 
type is shown in U.S. Patent No. 5,205,620. A mate- 
rials handling vehicle, a turret stockpicker, includes 
brakes on the pair of load wheels are adjusted to have 
one level of braking force, while brakes on the pair of 
steered wheels are adjusted to have a second, usu- 
ally lower, level of braking force. Either pair of brakes 
may be applied individually or all together to provide 
three different levels of braking according to the ve- 
hicle speed. 

Another brake is shown in U.S. Patent No. 
5,057,728. Here, the brake element itself includes 
two sets of springs and wherein a pair of electromag- 
nets control which spring sets are applied at any giv- 
en time thereby to provide a three step control over 
braking force. 

Proportional control of braking force for spring ac- 
tuated brakes is difficult because of the variable gap 
between the brake armature and the solenoid or elec- 
tromagnetic coil acting on the armature, and also the 
variable forces applied by the spring to the armature. 
It would be desirable, however, to provide a propor- 
tional control of braking force on a material handling 
vehicle. 

This invention relates to an electric brake control 
apparatus providing proportional control over braking 
force. Specifically, this invention may be used with 
brakes that are applied by means of a permanent 
magnet and which are released by application of elec- 
trical current to an electromagnetic coil which modi- 
fies the intensity of the magnetic flux applied to a 
brake armature. Such a brake is fail safe in that, upon 
the loss of electric current, the brake will be fully ap- 
plied through the action of the permanent magnet. 

An important consideration, particularly with ma- 
terial handling vehicles, is that this brake is fail safe. 
One such brake that might be used in connection with 
certain material handling vehicles is shown in U.S. 
Patent No. 3,899,061. This brake includes a perma- 
nent magnet for applying braking force and an elec- 
tromagnet in the flux path to disengage the brake. 
Since temperature affects the resistance of the elec- 
tromagnet, this patent also shows a compensating 



circuit so that control of the brake is properly main- 
tained. 

In the present invention, current to the electro- 
magnetic coil is pulsed at a variable frequency and/or 

5 pulse width in response to a brake control signal, 
which is typically generated according to the position 
of a brake pedal or a hand grip. The brake control sig- 
nal is applied to a control circuit which controls the 
pulses applied to the electromagnet to provide a pro- 

10 portional control over braking force. The current dur- 
ing each pulse is to provide information as to the tem- 
perature of the coil of the electromagnet, and in re- 
sponse thereto, appropriate compensation is made. 
Should the control circuit fail to operate properly, the 

15 brake would be fully applied, thus failing safe. Also, 
the control circuit is responsive to other vehicle con- 
trol functions, or an emergency power disconnect, to 
apply the brakes fully. 

The control circuit also monitors the speed of the 

20 wheel with which the brake is associated and an anti- 
skid algorithm is included in the control circuit to pre- 
vent the braking from locking up. 

It Is therefore an object of this invention to provide 
a brake control apparatus for a permanent magnet 

25 brake which provides proportional control over the 
braking torque generated by the brake. 

It is a further object of this invention to provide a 
fail safe proportional braking control apparatus for 
use with a permanent magnet brake. 

30 It is another object of this invention to provide a 

brake control apparatus of the type described that in- 
cludes monitoring the temperature of the electromag- 
net and adjusting the current to maintain proportional 
control over braking torque. 

35 It is another object of this invention to provide an 

anti-skid control for a proportionally controlled per- 
manent magnet brake. 

It is a still further object of this invention to pro- 
vide a brake control apparatus for controlling the ap- 

40 plication of braking force to a permanent magnet 
brake of the type wherein a permanent magnet cre- 
ates a magnetic flux path for applying a braking force 
and an electromagnet provides a continuously vari- 
able flux in opposition to the permanent magnet 

45 whereby to control the braking force, the improve- 
ment comprising means for providing a braking com- 
mand signal which varies in relation to the amount of 
braking desired, circuit means responsive to said 
braking command signal for causing a braking force 

so to be applied in direct proportion to the amount of 
braking desired, said circuit means including means 
for applying pulses of current to said electromagnet, 
the pulse width of which varies from a minimum pulse 
width representing maximum braking to a maximum 
55 pulse width representing no braking. 

It is another object of this invention to provide a 
brake control apparatus for controlling the application 
of braking force to a permanent magnet brake for 
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stopping a wheel on a vehicle, said brake being of the 
type wherein a permanent magnet creates a magnet- 
ic flux path for applying a braking force and an elec- 
tromagnet provides a continuously variable flux in op- 
position to the permanent magnet whereby to control 5 
the braking force, the improvement comprising 
means for providing a braking command signal which 
varies in relation to the amount of braking desired, 
means for sensing the speed of the wheel, circuit 
means responsive to said braking command signal for 10 
causing a braking force to be applied to the wheel in 
direct proportion to the amount of braking desired, 
and anti-skid means responsive to said wheel speed 
sensing means for controlling the application of said 
pulses to said electromagnet for preventing the onset 15 
of wheel lockup. 

Other objects and advantages of the invention 
will be apparent from the following description, the ac- 
companying drawings and the appended claims. 

The invention will now be described in more de- 20 
tail, by way of example, with reference to the accom- 
panying drawings, in which:- 

Fig. 1 is a perspective view of a stockpicker ma- 
terials handling vehicle with its access cover re- 
moved showing a single drive wheel, a steering 2s 
motor, a traction motor with associated brake and 
control circuit according to the present invention, 
and electrically operated hydraulic pumps for its 
fork raising apparatus; 

Fig. 2 is a electrical block diagram showing a con- 30 
trol circuit of the present invention, including a mi- 
croprocessor, for providing proportional control of 
a permanent magnet brake; 
Fig. 3 is a waveform diagram showing a minimum 
pulse applied to the electromagnet within the 35 
brake; 

Figs. 4-7 are flow charts showing the operation 
of the computer program which operates the mi- 
croprocessor of Fig. 2; and 

Fig. 8 is a graph showing the relationship be- 40 
tween electromagnet coil current and brake tor- 
que. 

Referring now to the drawings which illustrate an 
embodiment of the invention, and particularly to Fig. 
1, a typical materials handling vehicle 10 is shown 45 
with its access cover removed. The vehicle may be of 
any type but might be a rider reach truck, such as a 
Series RR or RD truck or a stockpicker, such as a 
model SP36 truck, both manufactured by Crown 
Equipment Company. For purposes of illustration, the so 
truck shown in Fig. 1 includes a single steerable 
wheel 15, which is powered by a drive motor 20, stop- 
ped by a brake 25, and electrically steered by means 
of a steering motor 30. Of course, this invention could 
be used on four-wheeled vehicles as well. The drive 55 
motor is connected to the axle of the wheel 15 though 
a gear reduction mechanism 35. Also shown in Fig. 1 
are a pair of motor driven hydraulic motors 40 for pro- 



viding hydraulic fluid to power other vehicle devices, 
such as the fork lifting mechanism. An emergency 
disconnect switch 45 is provided within ready access 
by the operator for the purpose of removing battery 
power to all vehicle systems. Within the power com- 
partment are the vehicle control electronic circuits, 
including a brake control circuit 50. 

Since the brake 25 is connected to the wheel 
through the gear reduction mechanism 35 by way of 
the shaft of motor 20, the size of the brake 25 may be 
reduced considerably over that required of a brake 
that is connected directly to the wheel of the vehicle. 

Referring now to Fig. 2, which is an electrical 
block diagram of the control circuit 50, one side of an 
electromagnetic coil 55 of brake 25 is shown connect- 
ed through a fail-safe device 60 to the vehicle's bat- 
tery through terminal 65 and emergency disconnect 
switch 45, and the other side of the coil is connected 
to ground through a pulse applying circuit 70 and 
shunt resistor 75 the electromagnetic coil 55 creates 
a magnetic field in opposition to the field created by 
a permanent magnet 57. 

The pulsing applying circuit 70 is a typical power 
control device, such as a MOSFET, capable of han- 
dling one to ten amperes. The pulsing circuit 70 is driv- 
en by a pre-driver circuit 80 which in turn receives a 
pulse command signal on line 85 from microproces- 
sor 90 which controls the frequency and duration of 
each pulse. The pulse command signal is typically a 
5 volt pulse while the output of the pre-driver circuit 
80 is 12 volts or higher. 

The shunt resistor 75 is included in the circuit to 
provide a signal on line 95 to pulse monitor circuit 100 
and temperature compensation circuit 105. Pulse 
monitor circuit 100 is a device that detects the pres- 
ence of pulses as they are applied to the electromag- 
net 55. The output of the pulse monitor circuit is ap- 
plied to the microprocessor 90 as an indication that a 
continuous stream of pulses, regardless of width, is 
being applied to the brake. If the stream of pulses fails 
for any reason, either because the current to the 
brake is continuous or has fallen to zero, the micro- 
processor with provide an output to the fail-safe cir- 
cuit 60 which will remove power entirely from the elec- 
tromagnet, thus causing brake torque to be applied 
fully. 

The temperature compensation circuit 105 re- 
sponds to a signal on line 110 from the microproces- 
sor 90 to monitor the actual current being applied to 
the coil 55. As shown in Fig. 3, each pulse 120 has a 
minimum pulse width 125. As current is applied to the 
coil 55, current initially rises slowly due to the induc- 
tive reactance of the coil, but eventually reaches sub- 
stantially its full current level at 130, at which time the 
microprocessor generates the signal on line 110 to 
cause a sample of the current level then flowing to the 
coil to be taken. This sample current level is convert- 
ed to digital form and sent to the microprocessor 90 
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on line 135. 

The actual current flowing to the coil during the 
sample interval is a function of battery voltage and 
the resistance of the coil, which is affected by temper- 
ature. In response to the sensing of the current sam- 
ple, the microprocessor 90 uses either a look up table 
or a formula to adjust the characteristics of the pulse 
120 to compensate for changes in resistance of the 
electromagnet due to temperature, thus providing for 
proportional control of braking regardless of temper- 
ature. 

The fail-safe circuit 60 may be either a relay or a 
P-channel MOSFET, Its purpose is either to allow full 
flow of current to the brake electromagnet or to cutoff 
current flow entirely, either under the direction of the 
microprocessor 90 or in response to an external con- 
trol signal on line 140 from a so-called Rip Cord or 
auxiliary control line designed to intervene directly in 
the full application of the brake, outside the operation 
of the microprocessor or any network input from the 
vehicle control systems to the microprocessor 
through a network interface 145. A signal on Rip Cord 
line 140 will be acted upon immediately, in real time, 
causing the brakes to be applied fully, and will not be 
delayed by the network 1 45 or action of the micropro- 
cessor 90. For example, the Rip Cord signal may be 
initiated by a watch dog program in the vehicle's con- 
trol system that is monitoring the proper operation of 
the microprocessor 90, and upon the detection of any 
failure, it will cause a signal to appear on line 140 to 
apply the brakes in the fail safe mode. 

A brake pedal or hand grip 150 provides means 
for generating a braking command signal in response 
to the amount of braking force desired, from 0% to 
100% of the braking force available from the brake 
25. The braking command signal is either a digital or 
analog signal, and it passes through filter 155 to the 
microprocessor 90. 

A tachometer 160 is associated with the wheel 
15, the motor 20 or the brake 25 to provide informa- 
tion on the direction of travel, speed and acceleration 
of the wheel under alt operating conditions. The out- 
put of the tachometer is a digital signal, which also in- 
clude direction of rotation information, is applied 
through filter 165 to the microprocessor 90. 

Also shown in Fig. 2 is a power supply regulator 
circuit 170. A digital representation of the power sup- 
ply voltage on line 175 is also applied as an input to 
the microprocessor 90. The power supply output is 
provided to the other circuits within Fig. 2 as well as 
other associated circuits within the vehicle. 

Referring now to Figs. 4-7, the brake control sys- 
tem is primarily microprocessor controlled. Referring 
first to the masterf low chart of Fig. 4, after the system 
is initialized, a POR or Power On Reset routine is em- 
ployed, then the status of all components are 
checked for proper operation, that is, the input levels 
are checked to insure they are within acceptable rang- 
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es. Fig. 5 is a flow chart showing the Read Status rou- 
tine which checks the various operating conditions of 
the vehicle, including fork height, travel direction, 
steering angle, weight on the forks, and the need for 

5 a rip cord command. 

The requested braking command, from the oper- 
ator controlled brake pedal or hand grip, is then com- 
pared with the actual acceleration, as monitored by 
reference to the wheel tachometer, and as a result, 

10 the appropriate width of the pulse applied to the brake 
electromagnet is generated, as shown in the flow 
chart of Fig. 6. 

Fig. 6 also contains the anti skid routine whereby 
the pulse width is modified to release brake torque 

15 whenever the wheel is observed as beginning to lock- 
up. 

The Read Monitor routine, shown in the flow 
chart of Fig. 7, verifies the proper operation of the 
power supply, compensates for variations in temper- 
20 ature, verifies fail safe levels, and insures proper tim- 
ing of the pulses applied to the electromagnet - 

Upon receipt of a braking command signal, the 
microprocessor generates pulses that are sent on line 
85 to the predriver circuit 80 and then to the pulsing 
25 circuit 70 to modify the magnetic force already gen- 
erated by the permanent magnet within the brake it- 
self. The pulse width is varied from a minimum width, 
for maximum braking to a maximum pulse width rep- 
resenting no braking. For example, with a 24 volt, 24 
30 watt electromagnet in the brake, the brake would be 
fully released at 30% of the rated current of the elec- 
tromagnet, as shown in Fig. 8. At 0% current, the 
brake torque 180 would be entirely applied by the per- 
manent magnet. At 100% current, brake torque 185 
35 would be at its maximum. In the present invention, the 
braking force generated in zone 190, from 0 to 30% 
of electromagnet current, which results from the per- 
manent magnet alone, is sufficient to meet industry 
standards. Since it is desired that the brake be fail 
40 safe, removal of all current from the electromagnet 
should provide maximum desired or necessary brak- 
ing force. Of course, if greater torque is desired, the 
electromagnet could be energized to its higher levels, 
and the invention described herein could be em- 
45 ployed in that mode of operation as well. 

While the microprocessor is controlling the puls- 
es to control braking force, the pulse monitor 100 and 
temperature compensating circuit 105 are being 
monitored to insure that the system is operating prop- 
so erly and that the amount of current to the coil is being 
adjusted for changes in resistance due to tempera- 
ture. 

In summary, the present invention provides for a 
fail safe, proportional control over a permanent mag- 
55 net brake of the type where the permanent magnet 
provides the braking force and where an electromag- 
net modifies that braking force. Full braking torque is 
applied by a number of systems including the brake 

4 
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command signal in response to the operator depress- 
ing a brake pedal, the activation of an emergency stop 
or disconnect button, which removes all power to the 
brake coil, a rip cord signal which bypasses the micro- 
processor and communications network, the micro- 
processor upon detection of a fault in any of the inter- 
nal systems or upon failure to detect the regular ap- 
plication of pulses to the brake coil. An anti skid algo- 
rithm monitors the acceleration of the braked wheel 
and prevents wheel lockup. 

While the form of apparatus herein described 
constitutes a preferred embodiment of this invention, 
it is to be understood that the invention is not limited 
to this precise form of apparatus and that changes 
may be made therein without departing from the 
scope of the invention, which is defined in the ap- 
pended claims. 



Claims 

1. A brake control apparatus for controlling the ap- 
plication of braking force to a permanent magnet 
brake of the type wherein a permanent magnet 
creates a magnetic flux path for applying a brak- 
ing force and an electromagnet provides a contin- 
uously variable flux in opposition to the perma- 
nent magnet whereby to control the braking force, 
characterised by:- 

means for providing a braking command 
signal which varies in relation to the amount of 
braking desired, and 

circuit means responsive to said braking 
command signal for causing a braking force to be 
applied in direct proportion to the amount of brak- 
ing desired, said circuit means including means 
for applying pulses of current to said electromag- 
net, the pulse width of which varies from a mini- 
mum pulse width representing maximum braking 
to a maximum pulse width representing no brak- 
ing. 

2. A brake control apparatus as claimed in claim 1 , 
including 

means for sensing the presence of said 
pulses of current to said electromagnet, and 

means responsive to said sensing means 
for removing ail current to said electromagnet 
upon the failure of said sensing means to detect 
the presence of said pulses of current. 

3. A brake control apparatus as claimed in claim 1 
or 2, including 

means for sensing the magnitude of the 
current flowing through said electromagnet dur- 
ing said pulses as an indication of the tempera- 
ture of said electromagnet, and 

means responsive to said current sensing 



means for adjusting the pulse width to compen- 
sate for changes in resistance of said electro- 
magnet due to temperature. 

5 4. An apparatus as claimed in claim 3, wherein said 
current sensing means and said pulse width ad- 
justing means includes 

a microprocessor, said microprocessor 
providing control signals for controlling the fre- 

10 quency and duration of said pulses and for pro- 

viding a sampling pulse at a predetermined time 
interval after the beginning of each of said puls- 
es, and 

means for monitoring the current level at 
15 said predetermined time interval after the begin- 

ning of each pulse and for providing a digital rep- 
resentation of said current level to said micropro- 
cessor as an indication of the actual temperature 
of said electromagnet. 

20 

5. A brake control apparatus as claimed in claim 4, 
including a look up table for modifying the fre- 
quency and duration of said pulses in response to 
said current sensing means. 

25 

6. A brake control apparatus as claimed in claim 4 
or 5, wherein said means for modifying the fre- 
quency and duration of said pulses includes an 
algorithm. 

30 

7. A brake control apparatus as claimed in claim 4, 
5 or 6, wherein said apparatus includes a fail safe 
circuit for removing current from said electromag- 
net upon the occurrence of a stop signal on a di- 

35 rect communications wire or a signal from said 

microprocessor. 

8. A brake control apparatus as claimed in any one 
of claims 4 to 7, wherein a malfunction of said mi- 

40 cro processor will cause said brakes to fully en- 

gage. 

9. A brake control apparatus as claimed in any pre- 
ceding claim, wherein removal of power from said 

45 electromagnet for any reason will cause said 

brake to engage fully. 

10. A brake control apparatus as claimed in any pre- 
ceding claim, wherein the absence of regular ap- 

50 plication of said pulses to said electromagnet will 

cause said brakes to fully engage. 

11. A brake control apparatus as claimed in any pre- 
ceding claim, wherein the deviation of any power 

55 supply voltage beyond predetermined limits will 

cause said brakes to fully engage. 

12. A brake control apparatus as claimed in any pre- 
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ceding claim, wherein said apparatus is used on 
a wheel of a vehicle, said apparatus further in- 
cluding means for sensing the speed of the 
wheel, and 

anti-skid means responsive to said wheel 5 
speed sensing means for controlling the applica- 
tion of said pulses to said electromagnet for pre- 
venting the onset of wheel lockup. 

13. A brake control apparatus for controlling the ap- 10 
plication of braking force to a permanent magnet 
brake for stopping a wheel on a vehicle, said 
brake being of the type wherein a permanent 
magnet creates a magnetic flux path for applying 
a braking force and an electromagnet provides a 15 
continuously variable flux in opposition to the 
permanent magnet whereby to control the brak- 
ing force, characterised by:- 

means for providing a braking command 
signal which varies in relation to the amount of 20 
braking desired, 

means for sensing the speed of the wheel, 
circuit means responsive to said braking 
command signal for causing a braking force to be 
applied to the wheel in direct proportion to the 25 
amount of braking desired, and 

anti-skid means responsive to said wheel 
speed sensing means for controlling the applica- 
tion of said pulses to said electromagnet for pre- 
venting the onset of wheel lockup. 30 
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